The exploration of atomic properties of strongly coupled partially degenerate plasmas, also referred to as warm dense matter, is important in astrophysics, since this thermodynamic regime is encountered for instance in Jovian planets' interior. One of the most important issues is the need for accurate equations of state and transport coefficients. The Ziman formula has been widely used for the computation of the static (DC) electrical resistivity. Usually, the calculations are based on the continuum wavefunctions computed in the temperatureand density-dependent self-consistent potential of a fictive atom, representing the average ionization state of the plasma (average-atom model). We present calculations of the electrical resistivity of a plasma based on the superconfiguration (SC) formalism. In this modeling, the contributions of all the electronic configurations are taken into account. It is possible to obtain all the situations between the two limiting cases: detailed configurations (a super-orbital is a single orbital) and detailed ions (all orbitals are gathered in the same super-orbital). The ingredients necessary for the calculation are computed in a self-consistent manner for each SC, using a density-functional description of the electrons. Electron exchange-correlation is handled in the local-density approximation. The momentum transfer cross-sections are calculated by using the phase shifts of the continuum electron wavefunctions computed, in the potential of each SC, by the Schrödinger equation with relativistic corrections (Pauli approximation). Comparisons with experimental data are also presented.
Introduction
The static electrical (DC) resistivity is important for the characterization of the plasma state. At high density, when the Spitzer theory becomes invalid, a consistent many-particle theory is required in order to evaluate the transport coefficients. The extended Ziman [1] formulation of the electrical resistivity of liquid metals is based on linear response theory, where free electrons in a metal are uniformly accelerated until they collide with an ion and are scattered. In the t−matrix formulation of Evans [2] , the resistivity reads [3, 4, 5] :
where n i = ρN /A is the matter density in cm −3 , ρ the matter density in g.cm −3 , A the atomic mass in g and N the Avogadro number. The Fermi-Dirac distribution and its derivative read respectively: f (ǫ, µ) = 1 1 + e β(ǫ−µ) and ∂f ∂ǫ (ǫ, µ) = −βf (ǫ, µ) [ 
where β = 1/(k B T ) and µ is the chemical potential. The function I is defined by an integral:
where k 2 = 2mǫ/ 2 , m being the electron mass. The quantity S(q) is the ionic structure factor and σ(q) represents the scattering cross-section, q 2 = 2k 2 (1 − χ) and χ = cos(θ), where θ = ( k, k ′ ), k and k ′ being the momenta of the conduction electron respectively before and after the scattering event. Therefore, one has:
where a(k, χ), defined by σ(q) = |a(k, χ)| 2 , is the scattering amplitude. In fact, the resistivity takes now a Drude-like form
with η 0 = a 0 /e 2 =21.74 µΩ.cm, a 0 =52.91772083 10 −10 cm being the Bohr radius. n e = Z * n i represents the electron density. The characteristic time τ 0 = 4πǫ 0 a 0 /e 2 and the relaxation time τ are such that
Note that any model which treats the continuum by a Thomas-Fermi approximation will not give the correct continuum density of states and not correctly incorporate the effects of electron-electron interactions in the electron-ion phase-shifts [6] . Such a model is not reliable for the evaluation of the scattering cross-section.
Electronic-structure model and electron-ion interaction
The average-atom (AA) model we used relies on the following self-consistent calculation. Schrödinger's equation is solved in the Pauli approximation [7, 8] , in which only first-order relativistic corrections are retained:
where V mv is the mass-velocity term, V D is the Darwin term, and V so is the spin-orbit contribution. y ǫ,r (r) is the radial part of the wavefunction multiplied by r. The potential splits into two parts V scf (r) = V el (r) + V xc (r), where V xc represents the exchange-correlation part, evaluated in the local-density approximation [9] , and V el the electrostatic part. Outside the Wigner-Seitz (WS) sphere, i.e. beyond the radius r ws , a bound-electron wavefunction is given by:
where κ l is a modified spherical Bessel function of the third kind and A nl a constant fixed by the boundary condition of the wavefunction at r ws and the normalization. Such a boundary condition will be noted BC2 in Sec. 4, while the usual "confining" boundary condition y nl (r ws ) = 0 will be referred to as BC1. Beyond r ws , a free-electron radial wavefunction is written
where j l and n l are the spherical Bessel functions of the first and second kinds respectively, E 0 is the rest-mass energy of the electron, and δ l (k) is the phase shift, given by
where ξ is the logarithmic derivative of the radial wavefunction y ǫ,r (r)/r. The calculation of the phase-shifts δ l (k) is painstaking and requires accurate numerical methods [10, 11, 12] . One defines, for a fixed chosen ∆ (1) k, the finite difference
where
The iterative process goes on until the resonance is correctly described. The radial electron density is given by
The new potential V el , solution of Poisson's equation, is inserted in Eq. (7) and the process continues until convergence is reached.
Scattering cross-section
The electron-ion cross-section for momentum transfer reads
where P l (χ) are the Legendre polynomials. It is useful to split the summation over l in two parts in Eq. (14): the first summation running from 0 to l 0 (typically equal to 30) and the second one from (l 0 +1) to ∞. The latter can be approximated by the classical expression of the cross-section of a screened charge (summed from 0 to ∞) minus the values for l ≤ l 0 . Assuming, at high electron energies, a classical scattering cross-section for a screening potential σ(q) ≈ A 2 /(q 2 + λ 2 ) 2 , this consists in writing [3] 1 k
with A = 2mZ * e 2 / 2 and ζ = 1 + λ 2 /2k 2 , where λ is a screening length. The quantity Q l (ζ) represents Legendre function, evaluated using recursive relations for low x and from an integral representation (see Ref. [13] , p. 1017, § 8.821) for x ≥ 1.02. One gets
Since
, and since δ l (k) is known, for l=0, · · · , l 0 , one fits the ratio δ l 0 (k)/δ l 0 −1 (k) to Q l 0 (z)/Q l 0 −1 (z) in order to determine z and then λ 2 = 2k 2 (z − 1). In that way, λ is a function of k. It can be numerically costly to solve this equation for the numerous values of k. In order to speed up the computation, one can use the asymptotic form
i.e., for n = 30, z ≈ 0.492063 δ 29 /δ 30 . The maximum energy of the continuum is taken to be ǫ m = µ + 40 k B T . Therefore, at high temperatures, it can be relevant to add the following correction to the resistivity:
4 Comparisons with different theoretical models Rinker [14] proposed a combined structure factor which has the virtue to approach Debye-Hückel limit as the core exclusion radius tends to 0, and the simple hard-sphere limit as the Debye radius tends to ∞. The structure factor is expected to be important at low temperature only (T ≤ 10 eV according to [4] ), but as can be seen on Table 1 , except for the Debye-Hückel case, the differences between Percus-Yevick, BD (structure factor proposed by Bretonnet and Derouiche [15] for the OCP) and Rinker [14] are quite small even at 5 eV. Table 2 shows the impact of the value of the bound wavefunction at r ws (fifth and sixth columns). The maximum difference can reach 25 %. In the case of iron at T =5 keV and ρ=1965 ρ/ρ 0 PY DH Rinker [14] Table 3 : Comparisons with theoretical results of Rinker [14] for Fe. Model A corresponds to a Thomas-Fermi-Dirac potential and the combined structure factor of the third column of Table  1 . Model B uses a Thomas-Fermi-Dirac potential with a Debye-Hückel structure factor. [20] . g/cm 3 (see Table 3 ), the difference between BC1 (the wavefunction cancels at r ws ) and BC2 (which allows a bound-electron wavefunction to extend outside the WS sphere, see Eq. (8)) drops to 1.14 %. Our results lie between the results of the models A and B of Rinker [14] . In the following, we keep the condition BC2 (atom in a jellium). We can see in Table 2 that our values decrease more rapidly with compression than the values of Ref. [4] (with or without multiple scattering), and are almost always smaller. The comparisons of Fig. 1 show that our results are closer to the pseudo-potential results including multiple scattering [4] than to the scattering-type calculations [4, 16] . Some other approaches exist; for instance, Kuhlbrodt et al. [17] calculated the resistivity within the linear response method of Zubarev. This correlation method is applicable for arbitrary degeneracy of the plasma, i.e from the low-temperature Spitzer regime up to the strongly coupled, degenerate domain where Ziman's approach is appropriate. It seems, however, that reliable resistivity calculations must include a unified description of the plasma composition and the density dependence of the interparticle interactions [17, 18] .
Comparisons with experimental values
Resistivity measurements in plasma state are scarce so that the theoretical approach is in many cases the unique tool available in these studies. The measurement of resistivity along a thermodynamic path going from the melting point under normal conditions to a state corresponding to a compression 0.03 at T=26.5 eV in Al has been performed at Los Alamos by Benage et al. [19] using the exploded wire method. Figure 2 shows that a good agreement is obtained. The accuracy of the experimental results is generally within a factor of 2, which is of the same order of the typical discrepancy between theory and experiment. It is important to keep in mind that expression (4) neglects multiple-scattering processes, which was shown to lead to a difference of a factor 1.5 in the theoretical values [4] . Our values are smaller than the results of Perrot and Dharma-Wardana [3] and the results of the density-response model of Kitamura and Ichimaru [20] . In the intermediate density range, our results agree fairly well with the analytical model of Lee and More [21] , which was rather unexpected.
Effect of population fluctations
The number of relevant bound-electron configurations in a plasma can be immense, especially as the atomic number Z increases. As a configuration is defined by orbitals occupied by an integer number of bound electrons, a superconfiguration (SC) is defined by super-orbitals, which are groups of orbitals close in energy (i.e. whose energies differ by less than a small fraction of k B T ) and that are populated in all possible ways consistent with the Pauli exclusion principle. For instance Ξ = (1s2s2p) 10 (3s3p) 7 (3d) 2 (4s4p4d4f 5s...) 1 is a SC composed by four super-orbitals. A configuration is a particular SC in which each super-orbital contains only one sole orbital. A reasonable number, i.e., a few hundred, of SCs can contain a large number of configurations (especially for high values of Z). The value of thermodynamic quantity X is given by
where W Ξ is the probability of the configuration Ξ and Ξ W Ξ = 1. A self-consistent calculation similar to the one described in Sec. 2 is performed for each SC. Table 2 displays the values of the resistivity averaged over the superconfigurations (third column). A correction is required in the use of Z * instead of Z Ξ since this occurs as Z 2 Ξ in the scattering cross-section. That is, we need to use Z 2 Ξ rather than Z Ξ 2 . The fluctuations in Z Ξ are intimately related to the fluctuations of the electron and ion densities of the plasma. Assuming that ion fluctuations are too slow to follow the electron-density fluctuations which determine the electronic configurations and electron-scattering processes, we consider the fluctuations in the electron subsystem only. We have
where the finite-temperature interacting electron-gas compressibility χ e can be obtained from the electron-gas response function via the static structure factor since Z Ξ n i χ e = βS ee (q = 0).
Concerning the prefactor of the Ziman formula, since one has 1/Z 2 Ξ ≥ 1/Z Ξ 2 (Jensen's inequality for convex functions) and assuming that this dependence overcomes the one from the scattering cross-section, the resistivity averaged over SCs is expected to be larger than the one obtained from the AA model. However, it is important to keep in mind the fact that the latter prefactor should not be 1/ Z 2 Ξ but rather
, which could impact the results. This is related to Rinker's remark [22] that 1/Z * 2 is in fact 1/(Z 0 Z i ) where Z 0 can indeed be identified with Z * on variational grounds (Boltzmann equation), which is not the case of Z i , number of charge carriers, involved in the relaxation time.
Conclusion
We presented calculations of the DC electrical resistivity of warm dense plasmas using the generalized Ziman formula. The calculations do not use any model potential, dielectric function or structure data, but proceed via first-principle calculations based on density-functional theory in the local-density approximation. The electronic structure of an average scatterer is determined solving Schödinger's equation. The calculations require phase shifts which satisfy the finitetemperature Friedel sum rule. Different model structure factor have been tested, with two different boundary conditions of the wavefunctions. We discussed the approximations in the method arising from the use of an average-atom model and compared our results with other existing theoretical models. Our values are in fairly good agreement with experimental data. The method proposed here provides a self-contained and self-consistent approach to the electrical conductivity of plasmas of arbitrary degeneracy, structure and density. It enables one to perform calculations beyond the average-atom model, taking into account the fluctuations due to the electron configurations describing different ionization and excitation states.
